Measurements of oxidation rates, respiratory quotients (RQ), and release of "CO2 from uniformly labeled substrates showed that glutamate, a-ketoglutarate, and synthetic and natural amino acid mixtures are oxidized by suspensions of Bdellovibrio bacteriovorus strain 109J. The oxidation of these substrates largely suppress the endogenous respiration of the Bdellovibrio cells and may or may not cause a small increase, 20 to 50%, in their rate of oxygen consumption. The failure of respired substrates to increase markedly the respiration rate of the Bdellovibrio cells over the endogenous value is discussed. Carbon from these substrates is incorporated into the Bdellovibrio cells during oxidation. Acetate is also oxidized, but its oxidation inhibits endogenous respiration by only about 40% and no acetate is assimilated. The RQ of the Bdellovibrio cells changes from a value characteristic of endogenous respiration to that characteristic of the oxidation of glutamate or of a balanced amino mixture very shortly after the attack of the Bdellovibrio cells on their prey, and the latter RQ is maintained during intraperiplasmic growth. Glutamate, or a mixture of amino acids in the external environment, contributes to the carbon dioxide produced by the Bdellovibrio cells growing intraperiplasmically. It is concluded from these data that amino acids, derived from the breakdown of the protein of the prey, serve as a major energy source during intraperiplasmic growth of B. bacteriovorus 108J. Insofar as they were tested, B. bacteriovorus strains 109D and A.3. 12 were similar in respiration to strain 109J.
The bdellovibrios are unique among described bacteria in their potential to attack, penetrate, and grow in the intraperiplasmic space of other bacteria. Shortly after a bdellovibrio attacks its prey and before it initiates growth per se, the respiratory apparatus of the prey organism is rendered nonfunctional (7). It follows, therefore, that bdellovibrios must generate their own energy during intraperiplasmic growth. (The use of the term "prey" here and throughout this paper is deliberate. Published and unpublished data, which will be discussed in detail elsewhere, indicate to us that the relation between a bdellovibrio and the bacterium it grows on is more accurately described as a predator-prey rather than a parasite-host relationship.)
Little is known about the energy metabolism of the bdellovibrios. They are obligately aerobic organisms; oxygen is required for their motility (13) , for attachment to their prey (15) , for growth of the so-called host-independent (H-I) strains (9) , and for intraperiplasmic development. Azide and cyanide inhibit endogenous respiration of Bdellovibrio bacteriovorus strain 6-5-S and this strain contains cytochromes, enzymes of the tricarboxylic acid cycle, reduced nicotinamide adenine dinucleotide oxidase, and low levels of some glycolytic enzymes (11) . Similarly, cytochromes (9) and enzymes of the tricarboxylic acid cycle (8) were present in all H-I strains tested. Simpson and Robinson (11) suggested that strain 6-5-S obtains energy by oxidative phosphorylation during electron transport and by substrate-level phosphorylations of the glycolytic system.
The identity of the compounds respired, especially during intraperiplasmic development, remains completely obscure. Except for three cultures that were stimulated by gluta-RESPIRATION OF B. BACTERIOVORUS mate and a-ketoglutarate, no enhancement of growth was observed for any of nine H-I strains when any of 14 compounds were added to 0.2% yeast extract-0.2% peptone medium (9) . Since gelatin is hydrolyzed and ammonia is produced from peptone by all of these strains, Seidler and Starr (9) suggested that bdellovibrio "is limited only to the utilization of complex mixtures of proteins, peptides and amino acids." However, since it is not known what was growth-limiting in the unsupplemented medium, the possibility remains that some or all of the compounds tested could be respired. Simpson and Robinson (11) showed that the respiration of suspensions of strain 6-5-S was stimulated by asparagine, glutamate, and "particularly by glutamine." As best one can estimate from the published plots, the latter compound increased respiration by only some 30%.
Rittenberg and Shilo (7) also found a 30% increase in respiration rate of strain 109J in the presence of yeast All cell suspensions, except where noted, were prepared in 10-8 M N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) buffer (pH 7.6) after washing twice in this buffer. Cell numbers were determined from turbidity measurements by reference to standard curves and also from viable-cell counts performed by direct plating of serially diluted samples on nutrient agar medium for E. coli or on doublelayer DNB medium for B. bacteriovorus (15) .
General design of experiments. The experimental protocols were similar to those employed previously (7). E. coli ML35 and B. bacteriovorus 109J were used, unless indicated otherwise. Suspensions of these organisms in HEPES buffer (10-' M, pH 7.6) were mixed (zero time) to initiate experiments. Initial E. coli populations in the cultures ranged from 3 x 10' to 6 x 109 cells/ml. To permit unequivocal conclusions, Bdellovibrio suspensions were incubated with uniformly labeled 14C compounds for a fixed period of time, and measurements were made of the radioactivity of the respired CO2 as well as the total oxygen consumed, the CO2 formed, Effects of inhibitors of protein synthesis on the respiration of bdellovibrio growing intraperiplasmically. Individual cell suspensions were mixed to yield a culture containing 7.4 x 10' bdellovibrio cells and 5.1 x 109 E. coli cells per ml. At 90 min after mixing, the culture was divided into three portions. Two portions were supplemented (200 ug/ml, final concentration) with either chloramphenicol (CAM) or streptomycin (STR), and the remaining portion received no additions. Samples of the cultures were removed at intervals, and their rates of oxygen utilization before (unsupplemented) and after succinate addition were determined with an oxygen electrode. The A succinate plot is the respiration rate in the presence of succinate.minus the unsupplemented respiration rate, i.e., the stimulation of respiration rate by succinate. and the radioactivity incorporated into the cells ( Table 2 ). The data show that significant quantities of acetate, glutamate, and the amino acid mixture were oxidized. For these substrates, approximately 15 to 20% of the initial radioactivity of the compounds was released as CO2. With respect to the amino acid mixture, no single amino acids accounted for more than 5% of the initial radioactivity. Since 16% of that radioactivity was released as CO2, it must be concluded that several amino acids in the mixture were oxidized. The data also show that appreciable quantities of glutamate carbon and amino acid carbon, but not acetate carbon, were assimilated by the Bdellovibrio cells. From the radioactivity of the CO2 formed and the nature and quantity of the substrate added, the moles of CO2 released from each exogenous substrate were calculated (column 4, Table 2 ). If one assumes that respired substrates are completely oxidized to CO2, water, and NH, (for nitrogen-containing compounds), then the "oxygen equivalents" required for CO2 formation from substrate (column 5, Table 2 ) can be obtained by dividing the moles of CO2 formed from substrate by the theoretical RQ of that compound. For an organism that obtained energy by electron transport to oxygen (see Discussion), the oxygen equivalents are the best measure of the value of a compound as an energy substrate. On this basis, among the individual compounds tested, bon dioxide release as measured by the Warburg respirometer technique during growth of bdellovibrio on E. coli in buffer. Oxygen consumption by the separate population is also shown. Initially, carbon dioxide production was lower than oxygen utilization, but this relation was reversed as bdellovibrio development proceeded. The overall RQ from the start to the end of the development cycle was 1.03. From the primary data, the rates of oxygen consumption and the RQ values for each 30-min interval during the bdellovibrio development cycle were calculated. A plot of the rates against time (Fig. 2) shows the typical oxygen utilization pattern already described ( Fig. 1 between 30 and 60 mn, even before the rate of oxygen consumption started to increase, the RQ had shifted from 0.86, the value characteristic of the endogenous respiration of free Bdellovibrio cells, to 1.0 to 1.1, a value characteristic of free Bdellovibrio cells respiring glutamate or amino acid mixtures (Fig. 2) .
A similar experiment with uniformly labeled boC-Bdellovibrio cells showed that, during intraperiplasmic growth, respiration of endogenous materials is largely suppressed, as was true during glutamate oxidation by suspensions of free Bdellovibrio cells. A culture initially containing 11.4 x 109 Bdellovibrio cells (103,400 counts per mi) and 7.8 x 109 E. coli cells per ml was incubated for 6.5 h, by which time lysis was complete. The progeny Bdellovibrio cells, collected by centrifugation, had 87% of the initial radioactivity and the supernatant fluid had some 7.5%. Thus, only about 5% of the initial bdellovibrio carbon was converted to CO2 over the 6.5-h period. Some of the CO2 could have been derived from the endogenous respiration of bdellovibrio cells that did not penetrate the E. coli.
In an experiment designed to determine whether exogenous substrates could be respired during intraperiplasmic growth, uniformly labeledCC-glutamate was added to a population of bdellovibrio and E. coli cells at the time of mixing the two suspensions. Radioactive CO2 was detected at the earliest time sampled, 20 min after mixing, and its rate of release increased until the end of the experiment (Fig.  3) . At 240 min, by which time essentially all E. coli cells had lysed, the CO2 contained some 6% (equivalent to about 0.4 Mmol of glutamate) of the initial radioactivity. This figure is somewhat low since bound CO2 in the medium was not released (see Materials and Methods). The free Bdellovibrio cells, sedimented by centrifugation at 240 min, contained about 3% of the radioactivity of the initial glutamate (Fig. 3) . In concordance with the above results, glutamate disappeared from the medium with time and its decrease paralleled the loss of radioactivity from the medium. Carbon dioxide release and uptake of radioactivity by the Bdellovibrio cells continued after 240 min, at which time lysis was complete. Very similar results were obtained when a radioactive amino acid mixture was substituted for glutamate in the same type of experiment.
The effect of exogenous substrates on the yield of Bdellovibrio cells growing intraperiplasmically was determined in an experiment in which uniformly labeled "4C-E. coli cells were the substrate ( Thus, the progeny Bdellovibrio cells in the presence of the exogenous substrates had a specific activity of approximately 20% less than the control. Since the starting E. coli cells were uniformly labeled with 14C, these data show that the glutamate or the amino acid mixture provided some 20% of the total bdellovibrio carbon. This result is in agreement with the finding that 20% of bdellovibrio deoxyribonucleic acid is derived from exogenous substrates during its growth on E. coli in a dilute nutrient broth (4) .
Effect of exogenous substrates on viability of free Bdellovibrio cells. When Bdellovibrio was grown on E. coli growing in DNB under conditions described by Varon and Shilo (15) , complete lysis of the E. coli cells and maximal titers of Bdellovibrio were attained in about 20 h. If such cultures were incubated beyond the time of complete lysis, there was a brief stationary period followed by a rapid drop in Bdellovibrio titer (15) . An almost immediate loss in viability was observed when Bdellovibrio suspensions were shaken in the lysate after a single developmental cycle on E. coli in buffer. Within 20 h of continued incubation in the lysate, Bdellovibrio titers dropped by over 90% (Table 5) . Over this period of time, there was a 35% decrease in Bdellovibrio cell carbon as determined from the loss in radioactivity from the starting uniformly labeled Bdellovibrio.
The addition of glutamate or an amino acid mixture to the culture at the time of E. coli lysis preserved, in part, the viability of the Bdellovibrio cells with continued incubation (Table 5 ). The sparing effect was more pronounced with glutamate than with the amino acid mixture. When glutamate and amino acids were added together, essentially all Bdellovibrio cells remained viable over the 20-h period. The presence of glutamate or glutamate plus amino acids significantly reduced the amount of Bdellovibrio carbon oxidized to CO2 during the "starvation" period. Direct analyses showed the disappearance of glutamate during incubation of the supplemented cell suspensions.
Strains 109D and A.3.12. Insofar as they were tested, B. bacteriovorus strains 109D and A. 3.12 were similar in respiration to strain 109J. Glutamate stimulated the respiration rates of these strains by approximately 40%. The RQ during endogenous respiration was 0.83 and 0.89 for strains 109D and A.3. 12, respectively. The RQ during intraperiplasmic growth was 1.09 for strain 109D (one experiment) and 1.0 for strain A. 3. 12 (three experiments).
DISCUSSION
Our results show clearly that amino acids, derived from protein breakdown, serve as a major energy source during intraperiplasmic growth of bdellovibrio on its prey. This conclusion is supported by the following evidence: (i) glutamate and synthetic and natural amino acid mixtures are oxidized by suspensions of free Bdellovibrio cells and the oxidation of these compounds largely inhibits the endogenous respiration of Bdellovibrio cell material; (ii) the combination of glutamate and a balanced amino acid mixture prolongs the viability of free Bdellovibrio cells; (iii) the RQ of the Bdellovibrio cells changes from a value characteristic of its endogenous respiration to that characteristic of the oxidation of glutamate or of a balanced amino acid mixture very shortly after bdellovibrio attack on its prey, and the latter RQ is maintained during intraperiplasmic growth; and (iv) glutamate or a mixture of amino acids in the external environment contributes to the carbon dioxide produced by the Bdellovibrio cells growing intraperiplasmically.
It is not excluded that other components of the prey's cell material beside proteins also supply respirable substances for the bdellovibrio. It is unlikely that polysaccharides are involved in energy metabolism since Bdellovibrio suspensions do not release signifi-cant quantities of CO2 from either glucose or ribose. Further, direct analyses for the glycolytic enzymes in our strains (see also 8, 11, 12) show that they are present at very low levels in the Bdellovibrio cells. Fig. 1 and 2 nificantly increased QO2.
Although the data are as yet fragmentary, it appears that Bdellovibrio cells possess a complete tricarboxylic acid cycle and an electrontransport chain. Simpson and Robinson (11) have shown that B. bacteriovorus strain 6-5-S contains the enzymes of the tricarboxylic acid cycle as well as cytochromes. Seidler, Mandel, and Baptist (8) have also demonstrated tricarboxylic acid cycle enzymes in H-I strains, and we have shown their presence in B. bacteriovorus strains 109J and 109D (unpublished data). It is therefore a reasonable assumption that Bdellovibrio cells generate adenosine triphosphate (ATP) primarily by oxidative phosphorylation during electron transport. Substrate-level phosphorylation would play a minor role in energy generation during intraperiplasmic growth if, as our data indicate, amino acids are the significant energy source. One possible explanation, therefore, for oxidation of an exogenous substrate without change in Qo2 is that the endogenous respiration of Bdellovibrio essentially saturates the functional capacity of either its tricarboxylic acid cycle or its electron-transport chain. Under these circumstances, a shift from an endogenous to an exogenous energy substrate would have little or no effect on the Qo,. Alternatively, the respiration rate could be closely regulated by ATP pool levels, the energy charge, or other precursors or products of energy metabolism. As yet, there are no experimental data to support one of these or possibly other alternatives. Regardless of what limits the respiration rate, the fact that the endogenous rate and the rate during intraperiplasmic growth are very similar suggests that the energy requirements for growth are unusually low.
Since we have examined only B. bacteriovorus strain 109J in any detail, our conclusions must be limited to this particular strain. Preliminary experiments with strain 109D (guanine plus cytosine, 50 mol %i) and strain A .3.12 (guanine plus cytosine, 42.9 mol %) suggest, however, that these strains are very similar to 109J in their respiration.
